A B S T R A C T
Circulatory models can be used in support of clinical decision making. Based on this assumption, we developed a modelling platform composed of a family of circulatory models based on a polymorphic structure. The models of the family permit the reconstruction of patient's status in various pathophysiological conditions and can be used in retrospective and prospective ways to formulate hypotheses on the effects of different therapeutic strategies, including the use of mechanical circulatory assistance, mono and bi-ventricular pacing and congenital heart defects. The models can be used for educational purposes, can be controlled remotely and can behave as virtual patients. They can generate data files in Excel format.
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Overview
Modelling can be a powerful tool for analysing the complex interactions among the heart, the circulatory system and the therapeutic interventions (drugs, surgery, assist devices), modifying the existing dynamic balance between the heart and the circulatory system. [1] [2] [3] The advantages of modelling lie in the possibility of analysing the sensitivity of several circulatory and ventricular variables to the patient's specific therapeutic intervention and, conversely, the effects of selected circulatory and ventricular parameters on the therapeutic intervention performance. In this context, the model can be regarded as a "virtual patient" replicating the conditions of the "real patient." The data produced by the model can be treated as a database containing information on patient's baseline along with the analysis of the effects of different thera-peutic interventions. In this sense, the model can support clinical decision making and serve as a tool for prospective and retrospective patient's analysis.
This approach to modelling is based on lumped parameters models (LPM) [4] [5] [6] [7] [8] as they have the prerequisites needed for a daily clinical application: fast response, simplicity of use, reliability and easiness to be modified or re-adapted. Last but not least, thanks to their intrinsic simplicity, it is possible to tune LPMs using routinely acquired clinical data.
Methods
To pursue the aims outlined above, a family of circulatory models was developed. The models of the family are assembled in a modelling platform and share some basic features:  Lumped parameters structure  Modular structure  Polymorphic structure  Algorithms to adapt the model parameters to the patient's status  Educational functionalities. Figure 1 presents the basic structure of the models. Each block presented in the figure contains several modules that can be assembled and used according to specific needs. Among others, the modules sketched in Fig.1 contain a complex of simpler models of systemic and pulmonary circulation, 7-8 models of congenital heart defects 9 and of surgical procedures, 10 interfaces to respiratory models, now under development, models of heart assist devices (LVAD, RVAD, BVAD, IABP, BIV pacing), [11] [12] [13] models of autonomic controls (in this moment baroreflex and metabolic controls, the second one under development), 8, 14 and interfaces for educational use of the platform. 8 The polymorphism of the structure has been achieved through implementation of the concept of hybrid modelling, [15] [16] [17] [18] [19] in cooperation with the Nałecz Institute of Biocybernetics and Biomedical Engineering of the Polish Academy of Science. In short, hybrid models permit to merge computational and physical models when and if necessary. That is to say, a computational modelling platform with hybrid features can be transformed, if necessary, into a model interfaced, for example, with a mechanical heart assist device, 19 replacing therefore the model of the device with the real device with all the implicit research and educational implications.
The model has been developed for clinical applications and, towards this aim, of fundamental importance is that the model can easily adapt its parameters to a patient's status. This goal is achieved by the use of dedicated algorithms that adapt model parameters to a set of input variables (namely: heart rate, cardiac output, arterial pressure, atrial pressure and, if available, ventricular volumes) through a recursive procedure. The heterogeneity of clinical data has been considered in developing the algorithm: it is conceived to adapt itself to the patient's status with different levels of confidence, depending on the available data and their accuracy. 8 The models are conceived to take into account the heterogeneity of clinical data: they can be set using different type of data both from catheterization and from echo. 19, 21, 22 Finally, the educational functionalities rely on a pathology random generator, on a set of therapies (drugs, total blood volume control, mechanical circulatory assistance) and, additionally, on a remote control feature 8 to use the modelling platform within a learning management system.
The model equations are solved by Euler's method. It was adopted for its adaptability to real time equation solving, necessary for hybrid applications. 15 The solution of lumped parameters model equations is rather simple as it is based on the application of the basic circuital laws. The heart modules are composed of atrial and ventricular modules. Different selections are possible when starting the model: passive (simple compliance) or active (variable elastance model) atria, simple ventricles based on a single variable elastance model or more complex ventricles used for biventricular pacing simulation where two or three variable elastance models work in parallel, reproducing ventricular walls and septum. 9 Heart models include a set of heart valve models -from a simple diode to backflow models 7 to models including leaflet movements. 23 Finally, the modelling platform can be connected to physical or computational mechanical heart assist devices: they include continuous or pulsatile flow devices and intra aortic balloon pump. 19, 25 The data storing procedure and content of the generated files will be described in the next paragraph.
Data Records
The data storing procedure is embedded in the modelling platform and generates Excel datasheet files that can be easily exported. The data storing procedure has two options: the first one is to create an excel data file containing the full set of variables generated by the model along with the ventricular and circulatory parameters. The user can select the number of cardiac cycles to be stored and has the option to select data averaged in the cardiac cycle or the full set of data points (by default sampled at 1 msec). The second storing option permits to build a personalised data file where only the variables of interest are stored. The data file is in Excel format as in the first storing option.
Stored data files are divided into different areas as it follows. The file described here was obtained performing a simulation from a physiological condition to a pathological one, finally assisted by a continuous flow pump. The used configuration corresponds to the basic, simpler version of the model. Some of the data in the file are necessary for the model check. What will be described here are only the data of interest to clinical use: 
Validation
The modelling platform was applied so far to different clinical problems having in common the use of the model to analyse complex pathophysiological situations and evaluate the effects of different approaches to the problem. Each application has been preceded by a model verification starting from a baseline condition. The Table 1 below summarizes the applications. Congenital heart disease C/R Computational Y [9] Paediatric VAD C/R Computational/Hybrid Y [19] , [21] , [22] Educational Application E Computational/Hybrid Y [8] Usage Legend: C-Clinical support, R-Research, E-Education
Use and Potential Reuse
The model output in the form of an excel file has been exploited for the applications outlined in Table 1 for retrospective and prospective data analysis. The use of the model for clinical support in fact permits to reproduce patient's status and simulate, starting from this point, the effects of different clinical choices. From educational point of view, the schema is the following:
 The trainee sees the model graphical interface, similar to a clinical monitor, and can chose between the generation of preset and known pathologies or can use the pathology random generator. The preset pathologies include valve defects and the main cardiocirculatory pathologies.
 When the trainee identifies a pathological situation, he or she can decide to adopt a clinical strategy based on drugs, surgical procedure or on a mechanical assistance.
 On the basis of the chosen actions, the trainee can modify the amount of drugs or the conduction of the mechanical assistance to improve hemodynamic conditions.
The remote access to the simulator is based on a different procedure if the simulator is fully computational or hybrid. In the latter case, the support of an operator is necessary to manage the VAD. In the case of computational models, the access is through the remote control software using a TCP-IP protocol.
Conclusions
The usage of models outlined in this paper is not totally new but it is the first time that models are organised in a platform where the user can chose the optimal configuration for the specific application. Furthermore, the graphical user interface offers a user friendly environment. The next developments of the platform will include a respiratory module (including pulmonary mechanics and gas exchange and transport). The remote accessibility to the models will be improved and made available for a multiuser environment.
Data Files
The data described in this paper is presented in an openly accessible spreadsheet: "01303_Cardio-circulatory_pathologies.xls."
The file is available also in the Open Document Spreadsheet format.
